Introduction
With the advancements of "smart" technologies and equipment, as well as the growing need for reliable ecological energy supplies [1] , new services and opportunities are emerging in the electricity domain. Here comes the "Microgrids" [3] , a new paradigm for the operation of power systems (cf. Fig. 1 ). To "keep the lights on", they are designed to provide reliable power by incorporating local generation units/systems based on renewable and conventional power sources, energy storage systems and energy consumption loads. Moreover, MGs are supposed to play an essential role in power supply systems, by enhancing efficient power distribution and cost effectiveness (manifested by the installation of power sources nearby the consumers' loads).
MGs are adopted more and more in different countries and locations [4] . However, as it is the case with most of new technologies, several needs and challenges have emerged. One major challenge is related to provide appropriate "interoperability", since an MG consists of a number of heterogeneous connected components, built and supplied by different organizations with diversified targets and ensuing different protocols [5] . This underlines the need to ensure a seamless information exchange between its components.
Fig. 1. Microgrid Architecture Example
In this work, an MG and its interoperability are observed within three layers as discussed in [9] (cf. Fig. 2 ): Field Layer, Information/Knowledge Layer, and Management Layer. More details about the layers will be provided in Section 3.
Another important challenge is related to defining an MG model that takes into account all the components aspects involved in the accomplishment of the MG's objectives besides optimizing network operations (operational aspect), since an MG can be seen as a multi-objective system that relies on a considerable interaction among different stakeholders (i.e., energy sources, energy consumption loads, etc.), having each its objectives.
Fig. 2. Microgrid Architecture Layers
To do so, we identify five aspects, each related to a category of objectives:
 The identification aspect (Id) consists of associating a unique identity for each stakeholder enabling an easier component recognition and implicit information extraction  The operation aspect (Op) aims at optimizing the network operations (e.g., minimizing power losses, voltage variations, device loading, etc.)  The mobility aspect (Mob) captures the components moves during its lifetime, in order to optimize the MG cost efficiency and emphasize the stakeholder's adaptability  The economical aspect (Eco) aims at minimizing total costs while considering the components' participation in the Energy Market  The ecological aspect (Ecolo) related to the component's participation in the environment, dispatches the MG units with lower specific emissions levels with higher priority, disregarding economic and operational aspects
The goal of this research is to address the above issues and challenges. Our contribution consists of defining an ontology-based Microgrid model, OntoMG, capable of: mapping with several existing MG information models, addressing the basic interoperability between layers, as well as solving the multi-objective aspects of the MG. An illustration of the use of OntoMG will be done through ISare MG 1 , a real MG built is the Basque Country. The rest of the paper is organized as follows. Section 2 presents the state of the art of existing power systems information models. Section 3 describes our OntoMG ontology through its main concepts. In Section 4, we show how ISare MG is represented using our ontology. Section 4 concludes the paper and discusses future directions.
State of the art
Several approaches have been provided in the literature addressing the problem of "Power system information modeling". They can be categorized into ontology-based and non-ontology-based approaches as detailed in what follows.
Ontology Based Approaches

Belgrade Ontology
In [10] , the authors developed an ontology aiming to provide a classification for the MGs by providing a representation of its components and their control parameters. Complying with the Suggested Upper Merged Ontology 2 , the proposed ontology aims to classify the MG domain in two basic concepts: the Physical and the Abstract concepts. The Physical concept serves for describing the hardware components of the Microgrid (i.e., production unit, storage unit, etc.) with a set of related properties. Concerning the Abstract concept, two subclasses are introduced: i) Management class, containing information related to the energy trading and ii) Policy class, defining specific rules related to the MG operations.
Prosumer Ontology
In [11] , the authors work on the classification of the MG components using several predefined use cases. Based on the UK property classification 3 , five power consumption patterns are identified, namely: 1) "commercial premises", 2) "business related premises", 3) "residential premises", 4) "non-residential", and 5) "industrial premises". Concerning the energy sources classification, two categories were also introduced in [11]: "renewable" and "non-renewable" energy sources, while three energy storage systems categories are identified, according to the type, produced power and charge and discharge efficiency, namely: 1) "energy management", 2) "power quality", and 3) "bridging power". And finally, the "component connectivity" focuses on enabling the exact connectivity relationships between the producers and the consumers. Besides the components classification, a class "events" has been added to consider the Complex Event Processing [12] .
Upper Ontology for power engineering application
Based on the Common Information Model (CIM) [13] (c.f. Section 2.2.1 for more details), the authors in [14] propose an ontology that mainly aims at monitoring the health status of the power systems. The main concepts of this ontology are power system's components, measurements, data interpretations, and components' operations in the system. This model supports the exchange of messages between agents, even though not explicitly defined. Despite the adoption of this model by several applications, CIM usually needs to be enriched with slightly additional concepts to cover all the required information.
Non Ontology Based Models
Common Information Model
The Common Information Model (CIM) [13] is a widely accepted energy information model being part of the IEC 61970 standards. Its main objective is to develop a platform independent data model for enabling better smart grid interoperability. This model includes the exchange of information between market participants and market operators as well as communication between market operators. Yet, the CIM cannot fully describe the MG itself nor its devices. In [11] , an extension of CIM is provided, aiming to model the Microgrid components with unified modeling language (UML) while integrating different branch models for solar generation, wind power, energy storage equipment, etc. Our work will be based on this approach since it is one of the most adopted conceptual models with concrete implementation used to describe power system information.
MIRABEL FlexEnergy Data Model
The MIRABEL smart grid system comes to model the flexibility in energy demand and supply that incorporate the "power profile" concept which associates a consumption/production schedule for each device. In order to achieve such flexibility in energy demand and supply in the power grid, a data model has been developed in [15] consisting of five main classes: device, actor, energy profile, constraint and flexoffer. A device is an energy consumer or producer that has a specific energy load over a certain time span. An actor has minimum or maximum demands on their energy load, price and time. These constraints are issued toward the devices owned by the actor. The flex-offer class defines a demand mechanism consisting of two types of demands: flexible demand and non-flexible demand. Flexible demand can often be shifted from the peak demand times to lower demand times, while non-flexible demand should be satisfied immediately with a minimum time delay.
OASIS Energy Interoperability
OASIS Energy Interoperation [16] enables collaborative use of energy in a power network. It defines XML-based vocabularies for the interoperable exchange of information related to energy prices and bids (demand and response), emergency signals and the prediction of loads consumption. This information relies on the "WS-Calendar" [17] and "EMIX specification" [18] . The first defines how to specify and communicate the duration and time of a schedule, while the later specifies the semantics (i.e., definitions of price and products) in energy markets.
Facility Smart Grid Information Standard
The Facility Smart Grid Information Standard (NIST) [19] is developed in the aim of enabling energy consuming devices and control systems in the consumers bounds so to manage electrical loads and energy sources ensuring an ease communication with the smart grid. To achieve this, an object-oriented information model is defined to support a wide range of energy management applications and electrical service provider interactions. Their proposed information model provides a standard to describe and manage information on combined energy loads consumption and predictions.
Discussion
In this section, a comparison between the existing approaches is presented, highlighting their strengths and drawbacks with respect to their ability to resolve the interoperability issue in the MG, and the integration of the necessary aspects allowing the achievement of the MG objectives. Table 1 shows the ability of the existing approaches to model each of the interoperability layers. In short, most of them covered the modeling of the field layer, which contains the physical components of the MG. Concerning the information/knowledge layer, the ontology-based approaches showed a potential information modeling, compared to the non-ontology based approaches, represented by the classification and the categorizing of the MG components, but lack in modeling the relationships between them. Partial   Table 2 summarizes the main commonalities and differences between existing approaches with respect to the five categories of aspects used in the achievement of the MG's objectives. In short, few took properly into account the identification aspect (Id), which consists of assigning a unique identifier to each component. In contrast, the operational aspect (Op) was the core of most of the existing models, whose aim was to standardize the technical vocabulary in the power systems, except in the MIRABEL system that mainly focuses on the energy market modeling. Clearly, as the comparison table shows, the economical aspect (Eco) was highly modeled through several major parameters designating operation and maintenance costs in the system (i.e., "StartCost" representing the startup cost of a device, "MainCost" representing the maintenance cost of a device, etc.). Moreover, the ecological aspect (Ecolo) was merely modeled through parameters related to the gas emissions of the components (i.e., CarbEss representing the carbon emission, EthylEss representing ethyl emission, etc.). However, the mobility aspect was almost absent in the existing information models, which represents the roles played by a component during its lifetime according to a certain context.
Interoperability aspect
Multi-objective aspects
To sum up, none of the existing approaches covers all the identified aspects. In the following section, we provide a new information model OntoMG, aiming at resolving interoperability issues from the information perspective and integrate all the MGs' aspects related to meeting their objectives. 
Proposal
In this paper, we introduce OntoMG, a full-fledged MG ontology-based information model that aims at resolving interoperability issues in a MG considering all its aspects/functionalities, namely: Identification, Operational, Mobility, Economical and Ecological. The information model is defined within the Information/Knowledge Layer. As mentioned previously, this research is undertaken in collaboration with Jema Irizar Group, leader of the ISare Microgrid project. The aim of ISare is to create a smart operable, reliable and efficient power system that enables the integration and the validation of the various renewable distributed generation systems and storage technologies. Before detailing OntoMG, we briefly describe our Microgrid management system architecture inspired from GridWise council's interoperability framework [9] .
An overview of the Microgrid Management System architecture
Our MicroGrid Management System architecture is based on the GridWise council's interoperability framework [9] , as presented in Fig. 3 .
It consists of 3 main modules as follows:
 Field Layer (FL): it directly focuses on the digital exchange of data between the physical equipment of an MG and the establishment of a reliable low-level communication environment. This is achieved by using several standardized protocols such as BACnet [7] and Modbus [6] to transform communications to TCP/IP packets. Note that, the data exchanged between the components at this layer (voltage, frequency level, etc.) is stored in different data storage repositories depending on the technologies used. to provide advanced management and control services and functionalities. It consists of applying computational and optimization techniques, aiming to achieve the MG objectives (i.e., minimizing transmission losses, generating good power quality, minimization of green-house effect gases, etc.).
Since the communication within the FL is already established with the existence of standardized low-level communication protocols, thus, we provide here, a generic ontology-based model, aiming to model MG components, their parameters and additional aspects allowing the achievement of the MG's objectives.
Why Ontology?
In the recent years, the ontology gained a huge success in the representation of the domain specific knowledge and resolving interoperability issues [20] . Due to its various roles [21] in information systems and artificial intelligence, an ontology-based MG information model would provide a shared knowledge conceptualization allowing an easier system interaction and manipulation for non-computer scientists, while giving the system components reasoning capabilities and autonomy.
Ontology as a Shared Knowledge
Since an MG consists of a number of heterogeneous components, it is primordial to define a shared representation of the exchanged information. In addition, each component has a direct/indirect impact on the other components and on the overall MG. Hence, it is necessary to have a shared collective representation allowing the study of the local and the global impact of each component in the power system. Furthermore, knowing that there are several existing energy system information models, an ontology would form the knowledge heart of the system, by providing enrichment and semantic expressiveness to the information but also allowing the description of specific situations, integration and alignment with multiple specific ontologies.
Ontology as a Natural Language
Since an MG is managed by non-computer-scientists, an ontology would help the users interact and manipulate the system in an easier way. Besides, an ontology would provide an organization that is flexible, and that naturally structures the information in multidimensional ways like finding more general/specific classes (e.g., a wind turbine concept is a type of the distributed energy sources). As well, an ontology would allow a more sophisticated data querying, for instance, finding information about "electricity sources that are DC sources but are neither fuel-cells nor photovoltaic".
Ontology as a Reasoning Strategy
Due to the intermittent aspect [22] of the renewable energy sources and the exposure of the MG to predictable and non-predictable events (MG anomalies, storms, etc.), an ontology modeling becomes essential since it can represent beliefs, goals, hypotheses, and predictions. These latter will give the components the ability to act and react autonomously or collectively according to a certain event. For instance, a diesel generator should stop working automatically when the renewable energy sources are able to satisfy all the loads power demands.
For all these reasons, we believe that modeling an MG using an ontology is a suitable choice allowing the resolving of the interoperability issues in a system consisting of numerous heterogeneous components, exposed to internal and external events.
OntoMG Ontology
Our ontology, called OntoMG, is a graph representing a collection of subject- 
OntoMG Structure
MGs encompass renewable and non-renewable generators, storage equipment and electrically connected loads. Moreover, they can be connected or isolated from the main grid. Our OntoMG structure is based on the common information model (CIM) proposed in [23] with several extensions to describe the aspects defined previously. The CIM is the core of the IEC 61970 standard, used to describe management information via a UML object oriented model. In our model, a "Microgrid" class inherits from the "EnergyUnit", which allows the creation of several connected MG instances. Bringing in the branch concept defined in [11] , an MG consists of three main branches, namely: 1) DESBranch (distributed energy source branch), 2) ESBranch (energy storage branch) and 3) ELBranch (energy load branch), where each branch has its own structure.
OntoMG Multi-objective Aspects
Our OntoMG aims to model all the aspects/functionalities participating in the achievement of the objectives of MG components and system. Hence, a suitable solution must cover the five aspects previously mentioned, namely: 1) identification (Id), 2) economical (Eco), 3) operation (Op), 4) mobility (Mob) and 5) ecological (Ecolo).
3.3.2.1
Identification Aspect (Id) An MG consists of several heterogeneous devices, each having its own characteristics and operation modes during its lifetime. Thus, when joining an MG, each device is associated through OntoMG with an "identity" consisting of a number of parameters distinguishing it from the other devices and giving it the possibility to be automatically recognized. The three types of devices (the distributed energy sources, the energy storage systems, and the energy consumption loads) are sharing a number of identification parameters, consisting of the identifier (ID) which is a unique value, the device type (Type) where each type has its own characteristics, and the brand (Brand) of the device designating a certain provider.
In addition, each device has its own "power scheduler" constituting the device's signature (Sig), which is the power quantity produced, consumed/stored by the distributed generation device, the power consumption load, and the energy storage, respectively, at a certain time of date (ToD).
The identification aspect aims at giving a unique identity for each component. When this latter joins a new MG, it will be easier to recognize thanks to this identity, which facilitates its configuration and integration. Note that, the aggregation of all the MG components identities defines what we call the MG identity. The ID aspect has several objectives, starting with the "dynamic power scheduling". Based on a similarity computation between the components signatures (Sig), it is possible to propose an optimized schedule allowing to minimize the costs and the wasted power. For instance, considering two consumers C1 and C2, and despite owning the same consumption load (e.g., a washing machine), C1 has a higher consumption bill. Hence, the MG will be able, using the comparison between the two loads signatures, to propose a better schedule to C1. In addition, this aspect plays an essential role in the "MG configuration process". More specifically, since it is possible to recognize a new device, it will be easier to complete missing information and to extract implicit ones (i.e., type, brand, power consumption, etc.), which offers easier and faster component configurations.
3.3.2.2
Economical Aspect (Eco) Due to the importance of the MG from an economic perspective, it is essential to model the economic parameters of the MG devices. Those parameters imply several features related to the components' participation in the Energy Market. Some of the main economic parameters of the device consist of the maintenance cost (MainCost), the total cost (TotCost), the startup cost (CostStart), the shutdown cost (CostStop) and the maintenance cost (MainCost).
The objective of the economical aspect is to manage the participation of the MG components in the energy market in order to reduce the power costs. In other words, it allows choosing the suitable device to be installed, based on its TotCost and MainCost. Once the devices are installed, the costStart and the CostStop play a main role in delegating the cheapest device that should be launched to satisfy a certain need in the power system.
3.3.2.3
Operational Aspect (Op) The operational aspect encompasses the technical parameters related to the components operations during their lifetime in the MG. Since our model is based on the IEC 61850, this eases the exchanges of the technical information between the power system components.
The distributed energy source (DES) operation parameters package, encompasses the following parameters: the optimal efficiency (OpEff) expressed in %, the nominal active power (NomActPwr) in KW, and the operating status (Status) capturing if the device is working or not.
The energy storage (ES) parameters package, encompasses the following parameters: the energy storage lifetime (LifeTm) in "Years", the converter type (ConvTyp), the voltage (Volt) in V, the storage device capacity (Cpty) in Ah, and the efficiency (Eff) in %.
The energy load (EL) parameters package, encompasses the minimum power consumption (minCnsm) and the maximum power consumption (maxCnsm) expressed both in Watt.
The success key of an MG is its operation aspect, which is related to the components functioning during its lifetime in the system. Therefore, there is an essential need to model the technical information that defines the operations in the MG, to be able later to optimize the network operations (i.e., minimizing power losses, voltage variations, device loading, etc.).
Ecological Aspect (Ecolo)
Knowing the importance of the MG in the integration of green energy production, it is essential to take into account the component's contribution in the environment. This participation is modeled using several parameters, mainly through the carbon emission ratio (CarbEss), the Ethylene emission ratio (EthylEss), and others gas emissions ratios, expressed in g/Kg. In addition, distributed energy resources are categorized according to the type of power that they are producing, whether it is a renewable energy source or not, using the parameter "DERCat". Modeling the ecological aspect opens up the possibilities to make "green decisions" and consider various management strategies, by making the components participation in the environment visible. Thus, it is easier now through OntoMG to choose the cleaner energy source, able to satisfy the power needs.
3.3.2.5
Mobility Aspect (Mob) Nowadays, there are already some devices that have the ability to move (i.e. electric vehicle, flywheels, etc.) during their lifetime within the same MG or to leave and join another one. In order to model this feature of those mobile components, a "geo" parameter was defined, which describes the location of the MG device using three possible values: Geo = null: if the device cannot provide its location Geo = gi : if the device can provide its actual location Geo = {g1, g2,…,gi}: if the device can provide a location track log history
The objective of the mobility aspect is to optimize the MG cost efficiency. Due to device tracking, it will be easier to detect the location of any problem and fix it more rapidly. Besides, it is possible now to calculate which is the nearest available power source able to satisfy the load needs, and consequently reduce transmission losses. Besides, the Mob aspect emphasizes the components adaptability. In other words, a component will be able to take its preferences wherever it moves during its lifetime in the system. For instance, if an energy consumption load has a preference to be launched automatically at 7:00 every day while being in France, hence, it should be able to be launched at the same time during its displacement in Spain. Illustration As mentioned previously, this research is undertaken in collaboration with Jema Irizar Group, leader of the ISare MG project. ISare MG is installed in San Sebastien -Spain and electrifies 12 offices. The generation system comprises 10 kW of PV, a nominal 53-kWh battery bank, 105 kW of wind generation and a 120 kW diesel genset. A second PV array of about 15 kW, mounted on the roof of the control system building, is connected to an SMA inverter and a 70-kWh of gas turbine to provide power for monitoring and communication. Recently, 50 kW of electric vehicle charger were installed, equipped with a protection system, to ensure a mobile power when needed.
Illustration
The aim of this study is to allow ISare MG project to create an interoperable Microgrid that enables the integration and the validation of the various new heterogeneous renewable distributed generation systems and various storage technologies. In addition and it is worthy to note that ISare MG is mainly managed by non-computer experts. Thus, developing a framework that enables an easier data querying and management was needed to help achieve the MG objectives.
Our ISare-OntoMG model, is an OWL graph, implemented on a central entity, requested by non-computer experts via a natural processing querying interface. This latter interprets grammatical and lexical units of a natural language expressed by the user, in order to form SPARQL queries. (This will be explained in a dedicated work.). SPARQL is a query language, that is, a semantic query language, able to retrieve and manipulate data stored in Web Ontology Language (OWL).
In the following, some of the advantages provided by our ISare-OntoMG are presented.
Starting with the identification aspect: ISare components were used to be identified using their brands and models only. This was restrictive to distinguish between components since several might have the same brand and model. With OntoMG, it is now possible to give each component a unique signature (Sig) representing the power produced/stored/consumed at a certain time of day. Also OntoMG grants each component the mobility features, an important issue related to the high number of electric vehicles used in ISare, which was not possible in the existing information model. Henceforth, the MG manager is able now to track the moves of the some electric vehicles through a simple SPARQL query such as: In the above query, the geo location of the electric vehicle having as name "electricVehicle1" is requested. Concerning the ecological aspect, our model offers green strategies allowing to choose energy sources having the lowest gas emissions ratio, using a simple query such as:
SELECT ?energySources, min (CO2Ess) WHERE { ?energySource OntoMG:hasCO2Emission CO2Ess }
In the above query, all the energy sources having the lowest CO2 emission are requested.
Conclusion
This paper introduces OntoMG, an ontology-based information model that aims 1) to resolve interoperability issues encountered in the MG and 2) to achieve its functionalities and objectives (not fully covered in the existing information models). Our model is based on the CIM and the IEC 61850 standards, integrating 6 packages each related to a specific aspect involved in the achievement of the MG objectives, namely, 1) identification aspect (Id), related to the components unique identity in the system, 2) operation aspect (Op), related to the component's operating, 3) mobility (Mob) aspect related to the components displacements during their lifetime, 4) economical aspect (Eco), related to the components' participation in the Energy Market, 5) ecological aspect (Ecolo), related to the component's participation and effects in/on the environment.
An illustration was provided here through ISare project, a real MG build in the Basque Country, using our OntoMG model, highlighting the need to ensure a seamless communication between the MG components and integration of the new aspects to achieve the ISare objectives. Bearing in mind that modelling information is one of the major challenges in the MG management systems, one of our next steps consists of defining advanced management and control services and functionalities. This will be done by applying various optimization and scheduling techniques, aiming to achieve the MG objectives.
